CD8 M T cells from human immunodeficiency virus (HIV)-infected individuals can suppress HIV replication in CD4
M cells by a noncytotoxic mechanism that inhibits the expression of viral RNA. The present study examined whether other step(s) in the virus replicative cycle could be affected by the CD8 M cells. Culturing HIV-infected CD4 M T cells with antiviral CD8 M T cells did not significantly reduce the amounts of (i) early HIV DNA reverse transcripts (detected by LTR-U3/R), (ii) total nuclear HIV gag DNA, or (iii) integrated proviral DNA. However, exposure to the CD8 M T cells did cause a reduction in the amount of multiply spliced tat and full-length gag mRNA expressed by the infected CD4 M T cells, confirming previous observations. The levels of glyceraldehyde-3-phosphate dehydrogenase and interleukin-2 receptor-α mRNA were not affected. The results support the conclusion that the noncytotoxic anti-HIV response of CD8 M T cells, demonstrable in vitro, does not affect any of the virus replication steps leading to the integration of proviral HIV, but specifically interrupts the expression of viral RNA. (Walker et al., 1986) has become well-documented over the past 10 years . This antiviral response is characterized by the suppression of HIV production in infected cells upon coculture with CD8 + cells, or following exposure to CD8 + cell supernatants. Under both conditions, death of the infected target cells is not observed. The effector stage of this response does not require HLA histocompatibility and involves the inhibition of viral RNA expression (Chen et al., 1993 ; Copeland et al., 1995 ; Mackewicz et al., 1995) . In the present study, we sought to determine if the CD8 + cell Author for correspondence : Jay Levy.
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Fax j1 415 476 8365. noncytotoxic antiviral activity also affects early steps of HIV replication, prior to transcription of integrated proviral DNA.
Purified CD4 + cells, stimulated for 3 days in the presence of 3 µg\ml phytohaemagglutinin (PHA ; Sigma), were infected with 6000 TCID &! of a molecular clone of HIV-1 SF# (SanchezPescador et al., 1985) for 1 h and then trypsinized to remove surface-bound particles as described (Mackewicz et al., 1994) . Two to four million cells, after washing, were cultured immediately in duplicate, either alone or with an equal number of PHA-stimulated CD8 + T cells isolated from an HIV-infected individual with known CD8 + cell antiviral activity (Mackewicz et al., 1994) . At selected intervals after the 1 h infection period, the cells were collected (from separate wells for each timepoint), washed once with PBS, centrifuged, and the cell pellet was snap-frozen in an ethanol\dry ice bath. To control for the CD8 + cell proportion in the cocultures, an equal number of the same CD8 + cells (grown alone in parallel cultures) was added to the CD4 + cell controls just prior to pelleting and freezing.
Early virus replication events involving reverse transcription and proviral integration were monitored by measuring the levels of different species of HIV DNA. Quantification of early HIV DNA reverse transcripts in total cellular DNA was done essentially by the method of Tang et al. (1995) using primer sets specific for early LTR-U3\R reverse transcription products and real-time quantitative PCR methodology (Patterson et al., 1996 (Patterson et al., , 1998 (Patterson et al., , 1999 . The sequence of the primers and the probe used are as follows : LTR-U3, 5h CAGATATCCACTGACC-TTTGG 3h ; LTR-R, 5h GAGGCTTAAGCAGTGGGTTC 3h ; R fluorogenic probe, 5h FAM-GGGAGCTCTCTGGCTAA-CT-TAMRA 3h. fluorescently labelled, internally conserved, oligonucleotide probe which generates a signal that is measured by the 7700 sequence detection system. Quantification is achieved by generating standard curves from amplified tenfold dilution series of cloned reverse transcripts, in triplicate. The threshold cycle (C t ) was defined by the amplification cycle at which the signal in a particular sample exceeds the background fluorescent intensity. The standard deviation of the replicates was less than 10 % for each dilution. To determine the efficiency of amplification and the linearity of the assay, the C t was plotted against the log target copy number in each case. The linear range was found to be from five copies to greater than 10' copies with a correlation coefficient of 0n99. Negative controls consisting of plasmid DNA lacking the appropriate inserts or PBMC from HIV-seronegative individuals yielded no amplification signal. The sensitivity of this DNA quantification method is one to five copies.
Total nuclear HIV-1 DNA (integrated and unintegrated sequences) was quantified using a two-step technique as follows. First, nuclei were isolated from cells prior to DNA extraction (Higashikubo et al., 1990) . Second, quantitative realtime DNA PCR for HIV-1 gag DNA was performed as described above for the quantification of LTR-U3\R DNA, using the same probe but the following primer pair : LTR-U3 (shown above) and gag, 5h GCTTAATACTGACGCTCTC-GCA 3h.
To specifically detect integrated HIV-1 DNA, nested PCR was performed by the method of Chun et al. (1997) . This method involves the amplification of the junctions of HIV and cellular DNA. First, total DNA extraction from a fivefold dilution series of cells was performed using Dnazol (Gibco) following the manufacturer's protocol. Next, nested PCR was performed using Alu-5h LTR and Alu-3h LTR primers in the first reaction with the PCR conditions described (Chun et al., 1997) . The second amplification of the LTR region was also performed using primers and reaction conditions described (Chun et al., 1997) except the detection and quantification was performed using the 7700 Sequence Detection system rather than the previously published Southern hybridization.
For quantification of viral RNA transcripts, the infected CD4 + cells cultured in the presence or absence of CD8 + cells were washed and extracted for RNA using TRI reagent ( . Input RNA was normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA quantification (PE Applied Biosystems). Reverse transcription and thermal amplification were performed using the following linked profile : reverse transcription 30 min at 60 mC, cDNA denaturation, 5 min at 95 mC and 40 cycles of denaturation (95 mC for 15 s), and annealing\extension (60 mC for 1 min) in a 7700 sequence detection system (PE Applied Biosystems). Duplicate standard curves with controls for RNA copy number ranging from 10" to 10& copies were run with each optical 96-well plate (PE Applied Biosystems). In addition, controls receiving no template were included with each plate. The sensitivity of this mRNA quantification method is five to ten copies. Primer and probe sequences for gag were previously described (Patterson et al., 1993) . The sequences for tat (spanning the major tat splice-donor\acceptor site) and the interleukin-2 receptor-α (IL-2Rα) were as follows : tat.1 (5h AGACAGCGACGAAG-AGCTCCTCA 3h), tat.2 (5h CTAATCGACCGGATCTGTC-TCTGTC 3h), tat probe (5h FAM-TTCTCTATCAAAGCAA-CCCACCTCCCAATC-TAMRA 3h), IL-2R-upstream (5h CG-ATCTTCCCATCCCACATC 3h), IL-2R-downstream (5h GA-AGCGGAGGTCTTTCTCTGC 3h), IL-2R-probe (5h FAM-TCCGGCGCGATGCCAAAAAG-TAMRA 3h).
As commonly seen (Mackewicz & Levy, 1992) , culturing HIV-infected CD4 + T cells with an equal number of antiviral CD8 + T cells from an asymptomatic HIV-1-infected donor resulted in a marked reduction in virus particle production (RT activity) by 96 h compared to that seen in CD4 + T cells cultured alone (e.g. 3000 vs 109 000 c.p.m.\ml, respectively). This CD8 + -cell-mediated reduction in virus production was not, however, accompanied by a difference in the amount of early reverse transcription products. At 3, 6, 12 and 24 h after the infection period, no appreciable difference was seen in the level of early LTR-U3\R reverse transcripts expressed in the infected CD4 + cells when cultured alone compared to when cultured in the presence of CD8 + cells (Fig. 1) . The number of DNA copies in the CD4 + cells cultured with CD8 + cells differed by no more than 15 % (usually considerably less) from that in the CD4 + cells cultured alone over this time-period. These results indicate that the CD8 + cell antiviral activity did not interfere with the post-virion binding events leading to and including the initiation of reverse transcription.
Quantification of HIV gag sequences in total nuclear DNA, isolated at the same time-points as above, also revealed no difference between the levels in the infected CD4 + cells cultured alone and in those exposed to CD8 + cells (data not shown). Thus, nuclear maturation of the early transcripts also appears to be unaffected by this antiviral mechanism.
Specific quantification of integrated HIV DNA showed that culturing antiviral CD8 + cells with infected CD4 + cells also did not affect the amount of virus DNA present in the integrated provirus form (Fig. 2) . Although some variation was observed, the resulting kinetics of provirus appearance in the infected cells was not significantly different in the CD4 + cells cultured alone relative to the CD4 + \CD8 + cell cocultures. The apparent lack of an increased number of integrated HIV copies in the control cultures relative to the cocultures at the late timepoints of 48 and 96 h, probably results from a balance between the loss of cells that have replicated virus and died, and the addition of cells newly infected by virus spread. Thus, the above results suggest that reverse transcription is not affected by the CD8 + cell antiviral activity and that virus replication proceeds unaffected through proviral integration, but is blocked at some point thereafter.
In order to further evaluate previous observations suggesting that CD8 + cells inhibit the expression of HIV RNA, quantitative kinetic RT-PCR was used to measure the effect of CD8 + cell antiviral activity on the expression of tat and gag mRNA in the infected CD4 + cell cultures described above after 3, 6, 12, 24 and 96 h. By 3 h post-infection, tat and gag transcription was detectable in the infected CD4 + cells cultured alone (Fig. 3) . The level of both messages increased about 1 log by 12 h and then, in the case of the gag message, another 1 log by 96 h post-infection. Importantly, in agreement with previous studies (Mackewicz et al., 1995) , culturing the CD4 + cells with CD8 + cells sharply reduced the level of tat and gag mRNA within 3 h of initiating the coculture (Fig. 3) . The expression of tat was typically reduced 7-to 30-fold during the course of infection and gag mRNA expression was generally reduced 1-2 logs. The level of GAPDH mRNA as well as IL-2Rα mRNA in treated and untreated CD4 + cells was similar, not varying more than 20 % at most time-points (data not shown).
The results of this study indicate that the in vitro noncytotoxic antiviral activity of CD8 + cells from HIVinfected individuals does not affect the post-binding HIV replicative processes leading to the integration of proviral DNA (Figs 1 and 2 ). These events would include virus uncoating, reverse transcription, the formation and transport of the preintegration complex to the nucleus, and integration into the host genome. It is possible that in these experiments the virus-inoculated CD4 + cells were not cultured early enough with the CD8 + cells to allow for a detectable effect on early reverse transcription (i.e. LTR-U3\R, the earliest replication event we measured), and events prior to this step. However, previous studies in our laboratory have indicated that culturing PBMC from HIV-infected individuals for 3 days prior to acutely infecting with them with HIV results in the same amount of intracellular gag DNA as in acutely infected PBMC from HIV-seronegative donors whose CD8 + cells lack antiviral activity . The PBMC from the HIV-infected individuals yielded little or no virus particles, while the PBMC from the HIV-seronegative donors produced high levels of HIV virions. Thus, preculturing CD4 + cells in the presence of antiviral CD8 + cells before infection does not appear to affect any virus replication steps prior to reverse transcription. This CD8 + cell antiviral response does, however, interrupt the virus replicative cycle soon after HIV provirus becomes integrated. Expression of both early and late HIV RNA messages is suppressed, as indicated by the marked reduction in multiply spliced tat transcripts and full-length unspliced gag transcripts in infected CD4 + T cells upon coculturing with the CD8 + T cells (Fig. 3) . It is important to note that this reduction in viral RNA could be seen as early as 3 h post-infection. This finding indicates that the antiviral effect occurs early within the first phases of virus replication before viral antigens would be expressed. It suggests that antigen-specific recognition is not involved in the effector phase of this antiviral activity, and perhaps reflects the activity of an antigen (or mitogen)-induced antiviral factor(s) .
The lack of any effect on the expression of GAPDH and IL- 2 receptor mRNA suggests that this CD8 + cell antiviral activity probably does not reflect a global suppressive effect on transcription in the CD4 + cells, but may be specific to the regulation of the transcription of HIV, and possibly other retroviruses (Copeland et al., 1995) . These results confirm, in a more quantitative manner, those previously reported using Northern blot analysis (Mackewicz et al., 1995) .
How the antiviral CD8 + cells specifically inhibit HIV RNA expression remains to be determined. There is evidence that CD8 + cell antiviral factor(s) can suppress tat-mediated transcription and may do so by interfering with NF-κB (Chen et al., 1993 ; Copeland et al., 1995 ; Sato et al., 1996) . Alternatively, suppression of HIV RNA expression may reflect an effect on viral RNA stability, as has been seen with the antiviral effects of IL-10 ( Kasama et al., 1994) . The elucidation of this regulatory mechanism could potentially lead to a therapeutic treatment targeted at HIV transcription.
